1. Introduction {#sec1-nutrients-11-00225}
===============

Hypertension (HTN) is a chronic elevation of systemic arterial blood pressure (BP) above certain threshold values. However, the elevation in BP is only a manifestation of a progressive disease representing an important health problem \[[@B1-nutrients-11-00225]\]. HTN is considered the most preventable risk factor for cardiovascular disease (CVD), and successful HTN prevention and treatment are key to reducing the risk of CVD \[[@B2-nutrients-11-00225]\]. Thus, the current method to treat HTN is the use of long-term drug therapy. However, the use of these drugs can result in different side effects in some patients, which leads to reduced patience compliance with the treatment, increased health care costs, and preventable fatalities \[[@B3-nutrients-11-00225],[@B4-nutrients-11-00225]\]. In this context, new strategies for treating HTN based on natural products could greatly benefit hypertensive patients.

Some studies have demonstrated the anti-hypertensive properties of dietary-derived peptides \[[@B5-nutrients-11-00225],[@B6-nutrients-11-00225],[@B7-nutrients-11-00225]\]. These bioactive peptides are potential modulators of various regulatory processes that control BP. The renin-angiotensin-aldosterone system (RAAS) plays an important role in regulating arterial pressure \[[@B8-nutrients-11-00225]\]. In RAAS, angiotensin-converting enzyme (ACE) is a key enzyme in controlling BP and converts angiotensin I to the potent vasoconstrictor angiotensin II \[[@B8-nutrients-11-00225]\]. Thus, the inhibition of this enzyme has become an important target for drugs combating HTN. In fact, the inhibition of this enzyme is the main mechanism implied in the anti-hypertensive effect of dietary peptides \[[@B9-nutrients-11-00225],[@B10-nutrients-11-00225],[@B11-nutrients-11-00225]\]. In addition, endothelial function, which maintains normal vascular tone and blood fluidity to maintain normotensive BP values, has been demonstrated to be the target for some anti-hypertensive peptides \[[@B12-nutrients-11-00225],[@B13-nutrients-11-00225],[@B14-nutrients-11-00225]\]. In HTN, endothelial function is impaired, which presents a decreased presence of vasodilator factors, such as nitric oxide (NO) or prostacyclin (PGI~2~), and/or increased presence of endothelium-derived contracting factors, such as endothelin 1 (ET-1) \[[@B15-nutrients-11-00225]\]. In this sense, some peptides have been demonstrated to present NO-mediated anti-hypertensive effects \[[@B13-nutrients-11-00225],[@B16-nutrients-11-00225]\]. NO is synthesized by the enzyme endothelial NO synthase (eNOS), which uses arginine as a substrate to produce NO. L-arginase (Arg-1), which is the enzyme that degrades arginine, has been demonstrated to play a crucial role in NO production and in the development of vascular disease \[[@B17-nutrients-11-00225]\]. In contrast, Krüpple-like factor 2 (KLF-2) has been demonstrated to be an eNOS promoter \[[@B18-nutrients-11-00225]\]. KLF-2 can also inhibit the expression of other important genes involved in regulating vessel tone, such as ET-1 \[[@B19-nutrients-11-00225]\]. KLF-2 activation is regulated by Sirtuin-1 (Sirt-1), which is also well known to activate eNOS by deacetylation and, thereby, increases the production of NO and promotes endothelial-dependent vasodilatation \[[@B20-nutrients-11-00225]\]. In addition, Sirt-1 promotes the inhibition of the activity of NADPH oxidase (NOX) \[[@B21-nutrients-11-00225]\], which is the major free radical producer in the endothelium and is known to be overexpressed in spontaneously hypertensive rats (SHR). The NOX links with the presence of endothelial dysfunction in this animal model \[[@B22-nutrients-11-00225]\]. Similarly, reactive oxygen species (ROS) have several effects on vascular and endothelial function, such as the inactivation of the vasodilator NO by O~2~^−^ \[[@B23-nutrients-11-00225]\], contributing to the development of endothelial dysfunction \[[@B15-nutrients-11-00225]\]. Some studies have demonstrated that anti-hypertensive peptides can also present antioxidant activity by enhancing one of the main endogenous antioxidant system known as reduced glutathione (GSH) \[[@B24-nutrients-11-00225],[@B25-nutrients-11-00225]\].

In a previous study, the peptide sequence AVFQHNCQE was identified in the anti-hypertensive chicken foot hydrolysate Hpp11 \[[@B26-nutrients-11-00225]\]. This peptide presented in vitro ACE inhibitory (ACEI) activity and exhibited anti-hypertensive activity in SHR at a dose of 10 mg/kg body weight (bw). Nevertheless, the underlying mechanisms involved in the anti-hypertensive effect of AVFQHNCQE are still unknown. Thus, the aim of this study was to evaluate the involvement of endothelial-relaxing factors as possible anti-hypertensive mechanisms of AVFQHNCQE. We used SHR alternatively treated with Nω-nitro-L-arginine methyl ester (L-NAME), an inhibitor of NO synthesis, or with indomethacin, which is an inhibitor of PGI~2~ synthesis. Furthermore, in an additional experiment, the concentration of liver GSH, activity of plasma ACE, and aortic expression levels of different genes involved in endothelial dysfunction were evaluated in AVFQHNCQE-treated SHR.

2. Materials and Methods {#sec2-nutrients-11-00225}
========================

2.1. Reagents {#sec2dot1-nutrients-11-00225}
-------------

L-NAME (PubChem CID: 135193), indomethacin (PubChem CID: 3715), ACE (peptidyl-dipeptidase A, E.C. 3.4.15.1) (PubChem CID: 329770629), N-hippuryl-His-Leu (Hip-His-Leu) (PubChem CID: 94418), monochlorobimane (PubChem CID: 114886), glutathione-S transferase from horse liver (PubChem CID: 114886), acetylcholine (PubChem CID: 187), and methoxamine hydrochloride (PubChem CID: 6081) were purchased from Sigma-Aldrich (Madrid, Spain). The peptide AVFQHNCQE was synthetized by CASLO Aps (Kongens Lyngby, Denmark), and its purity of 98.94% was verified by HPLC--MS. Heparin was purchased from DeltaLab (Barcelona, Spain) (PubChem CID: 772). All other chemical solvents used were of an analytical grade.

2.2. Experimental Procedure in Animals {#sec2dot2-nutrients-11-00225}
--------------------------------------

Male SHR (17--20 weeks old) weighing 298 ± 2 g were used. All animals were obtained from the Charles River Laboratories (Barcelona, Spain). The animals were maintained at a temperature of 23 °C with 12 h light/dark cycles and consumed tap water and a standard diet (STD, Panlab A04, Panlab, Barcelona, Spain) *ad libitum* during the experiments. The STD diet had energy content of 20% protein, 4% fat, 76% carbohydrates, and 0.3% Na. The animals were administered tap water or 10 mg/kg bw AVFQHNCQE dissolved in tap water by oral gavage between 8:00 and 9:00 a.m. The total volume orally administered to the rats was 1 mL in all cases. One hour after the oral administration, animals in each group (water or peptide) were intra-peritoneally administered 1 mL saline solution (water + saline or AVFQHNCQE + saline groups, respectively). The remaining rats were divided into four groups including two groups that were intra-peritoneally administered 30 mg/kg bw L-NAME (water + 30 mg/kg L-NAME or AVFQHNCQE + 30 mg/kg L-NAME) and two groups that were administered 5 mg/kg bw indomethacin (water + 5 mg/kg indomethacin or AVFQHNCQE + 5 mg/kg indomethacin groups) (*n* = 6 per group). L-NAME and indomethacin were dissolved in saline solution. Furthermore, the volume injected into rats was 1 mL in all treatment groups. Systolic blood pressure (SBP) was recorded in the rats by the tail cuff method \[[@B27-nutrients-11-00225]\] before and 6 h after water or peptide administration. To guarantee the reliability of the measurements, we established a training period of 10 days before the actual trial time, and, during this period, the rats became accustomed to the procedure. Moreover, to minimize stress-induced variations in BP, all measurements were taken by the same person in the same peaceful environment. Nevertheless, the researcher assigned to carry out the measurements did not know the exact treatment of each animal.

An additional experiment was performed using 17-week to 20-week-old male SHR weighing 302 ± 4 g. Housing and diet conditions were the same as those described in the previous experiment. Animals were administered 1 mL of tap water (*n* = 6 per group) or 10 mg/kg bw AVFQHNCQE dissolved in 1 mL of tap water (*n* = 6 per group) by oral gavage and sacrificed by live decapitation 6 h post-administration. Total blood was collected in heparin tubes. Plasma was obtained by blood centrifugation (1500× *g*, 15 min, 4 °C), and aorta and liver were excised and immediately frozen in liquid nitrogen. Both plasma and tissues were stored at −80 °C until further use. [Figure 1](#nutrients-11-00225-f001){ref-type="fig"} shows a graphical representation of both experimental designs used in this study.

2.3. Determination of Plasma ACE Activity {#sec2dot3-nutrients-11-00225}
-----------------------------------------

ACE activity was measured in the plasma following the method reported by Mas-Capdevila et al. \[[@B28-nutrients-11-00225]\]. Commercial ACE at different concentrations was used to obtain a calibration curve. Plasma ACE activity was expressed (mU ACE/mL) as the mean ± standard error of the mean (SEM) of plasma for at least three replicates.

2.4. Reduced Glutathione Assay {#sec2dot4-nutrients-11-00225}
------------------------------

The GSH assay was performed in the liver following the monochlorobimane fluorometric method \[[@B29-nutrients-11-00225]\]. GSH levels were evaluated using 90 µL of homogenized supernatant from the liver mixed with monochlorobimane (100 mM) and 10 µL of the catalyst, glutathione S-transferase solution (1 U/mL). The levels of GSH were quantified using a multi-scan microplate fluorimeter (FLUOstar optima, BMG Labtech, Offeuburg, Germany) and expressed as the mean ± SEM µmol GSH/g tissue protein for at least three replicates. Protein content was determined by the bicinchoninic acid method using the standard Pierce BCA protein assay (ThermoFisher Scientific, Madrid, Spain). The assay was conducted according to the manufacturer's instructions in a microplate format. A calibration standard curve was prepared with seroalbumin bovine.

2.5. Measurement of Malondialdehyde Production {#sec2dot5-nutrients-11-00225}
----------------------------------------------

Hepatic malondialdehyde (MDA) were measured by a thiobarbituric acid assay \[[@B30-nutrients-11-00225]\] modified as described by Quiñones et al. \[[@B31-nutrients-11-00225]\]. Liver homogenates were mixed with 20 % trichloroacetic acid in 0.6 M HCl (1:1, *v*/*v*) and kept on ice for 20 min. The samples were centrifuged at 1500× *g* for 15 min before adding thiobarbituric acid (120 mM in 260 mM Tris, pH 7.0) to the supernatant in a proportion of 1:5 (*v*/*v*). The mixture was subsequently heated at 97 °C for 30 min. Spectrophotometric measurements at 540 nm were conducted at 20 °C. The liver thiobarbituric acid reactive substances (TBARS) were expressed as nmol MDA/g tissue protein. Protein content was determined by the bicinchoninic acid method using the standard Pierce BCA protein assay.

2.6. RNA Extraction and mRNA Quantification by Real-Time qPCR {#sec2dot6-nutrients-11-00225}
-------------------------------------------------------------

The thoracic aorta was homogenized in TissueLyser (Qiagen, Barcelona, Spain) while RNA extraction was performed using the RNeasy Mini Kit (Qiagen). Total extracted RNA was quantified in a Nanodrop 100 Spectrophotometer (ThermoFisher Scientific). mRNA reverse transcription was carried out by using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Madrid, Spain). Quantitative PCR amplification and detection were performed in the CFX96 Touch Real Time PCR System (Bio-Rad, Barcelona, Spain) using 96-well plates and SYBR PCR Premix Reagent Ex Taq™ (Takara, Barcelona, Spain) following the commercial protocol.

Relative mRNA levels of eNOS, Arg-1, Klf-2, Sirt-1, NOX4, and ET-1 were analyzed by real-time PCR using glyceraldehyde 3-phosphate dehydrogenase (GADPH) as the housekeeping gene. The primers used for the different genes are shown in [Table 1](#nutrients-11-00225-t001){ref-type="table"} and were obtained from Biomers (Söflinger, Germany). Primer specificity was verified by melting curve analysis and the amplicon size was verified by 3% agarose gel electrophoresis. The efficiency of qPCR was calculated by evaluating a 2-fold dilution series of aortic cDNA and calculated by E = 10(1/slope). The results were expressed as the logarithm of the cDNA concentration vs. the obtained Ct. The relative expression was calculated by dividing the ECt of the studied gene by the ECt of the housekeeping gene used as the control and then divided by the value of the control and water group gene expression. Each sample was performed in triplicate.

2.7. Experiments in Aortic Rings {#sec2dot7-nutrients-11-00225}
--------------------------------

Male Sprague-Dawley (SD) rats, which were 17 to 22 weeks old and weighed 240 to 305 g, were sacrificed by decapitation. To perform the experiment, the thoracic aorta was excised from each of the animals, and excess fat and connective tissue were removed. To obtain the aortic preparations, the tissue was placed in a dissecting dish containing Krebs-Henseleit solution (118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl~2~, 1.2 mM KH~2~PO~4~, 1.2 mM MgSO~4~, 25.0 mM NaHCO~3~, and 10.0 mM glucose) and cut into 3 to 4 mm rings. Aortic rings were mounted between two steel hooks in organ baths containing Krebs-Henseleit solution at 37 °C and continuously bubbled with a 95% O~2~ and 5% CO~2~ mixture, which gave a pH of 7.4. An optimal tension of 2 g was applied to all the aortic rings, and the preparations were adjusted every 15 min during the 60 to 90 min equilibration period before evaluating the tested compounds. The isometric tension was recorded by using an isometric force displacement transducer connected to an acquisition system (Protos 5, Panlab, Barcelona, Spain). Then, after the equilibration, 80 mM KCl was added to verify their functionality. When the contraction had reached the steady state (approximately 15 min after the administration), the preparations were washed to recover basal tension.

The presence of endothelium was confirmed by relaxing in response to the addition of 10 μM acetylcholine of segments previously contracted by treatment with 10^−5^ M methoxamine. A relaxation equal to or greater than 80 % was considered evidence of the functional integrity of the endothelium, and the absence of relaxation in response to acetylcholine was considered the absence of endothelium.

The rings were exposed to 10^−5^ M methoxamine to obtain steady state contraction, and AVFQHNCQE curves (10^−8^--10^−4^ M) were assayed in the methoxamine-pre-constricted rings. Water, as a negative control, was added to the bath at the same volumes used to assay the AVFQHNCQE dose-response curve. The relaxation responses were expressed as a percentage of the pre-contraction induced by methoxamine, which was considered to be 100 percent. Concentration--dependent response curves were fitted to a logistic equation, and a statistical analysis was performed to compare the curves.

All animal protocols followed in this study were approved by the Bioethical Committee of the Universitat Rovira i Virgili (reference number 8868 by Generalitat de Catalunya) (European Commission Directive 86/609) and the Spanish Royal Decree 223/1988.

2.8. Statistical Analysis {#sec2dot8-nutrients-11-00225}
-------------------------

The results were expressed as the mean ± SEM of 6 animals per group or at least 6 experiments including the aortic rings extracted from 6 different animals in the vascular reactivity study. The data from the L-NAME and indomethacin experiments were analyzed by one-way ANOVA (Tukey's test) using IBM SPSS Statistics 20.0 software (SPSS, Inc., Chicago, IL, USA). Plasma ACE activity, GSH content, and gene expression results were analyzed by the unpaired Student's t test for independent samples using IBM SPSS Statistics 20.0 software (SPSS, Inc.). Differences between concentration--response curves in aortic ring experiments were analyzed by two-way analysis of variance (two-way ANOVA). Outliers were identified and eliminated by using the Grubbs' test. Differences between groups were considered significant when *p* \< 0.05.

3. Results {#sec3-nutrients-11-00225}
==========

3.1. Effects of AVFQHNCQE on Blood Pressure in SHR Treated with L-NAME or Indomethacin {#sec3dot1-nutrients-11-00225}
--------------------------------------------------------------------------------------

The initial values of SBP in the SHR were 205.2 ± 1.3 mmHg. [Figure 2](#nutrients-11-00225-f002){ref-type="fig"} and [Figure 3](#nutrients-11-00225-f003){ref-type="fig"} show the changes in SBP in SHR groups that were administered water or 10 mg/kg bw of the peptide AVFQHNCQE, which were treated intraperitoneally with saline solution, L-NAME, or indomethacin. As expected, the SHR that received water (water + saline group) did not experience changes in their SBP values 6 h after administration. However, the oral administration of 10 mg/kg bw of AVFQHNCQE (AVFQHNCQE + saline group) produced a significant decrease in SBP (-31.0 ± 2.5 mmHg, *p* ≤ 0.05) ([Figure 2](#nutrients-11-00225-f002){ref-type="fig"} and [Figure 3](#nutrients-11-00225-f003){ref-type="fig"}). Nevertheless, when animals receiving the peptide were intra-peritoneally treated with L-NAME (AVFQHNCQE + 30 mg/kg of L-NAME group), the anti-hypertensive effect of this peptide disappeared and even resulted in a significant increase in SBP when compared to the SBP in the water + saline group (+ 10.1 ± 2.5 mmHg; *p* ≤ 0.05). In contrast, the anti-hypertensive effect of the peptide was also observed in animals that were also intra-peritoneally injected with 5 mg/kg bw indomethacin (AVFQHNCQE + 5 mg/kg of indomethacin group). The SBP reduction in the animals administered peptide and treated with indomethacin, and the SBP decreases in the animals administered peptide and treated with saline had nearly the same values of −31.0 ± 1.2 mmHg and −31.1 ± 1.8 mmHg, respectively.

3.2. Effects of AVFQHNCQE on Plasma ACE Activity, Liver GSH Concentration, Malodialdehyde Production, and Endothelial-Related Gene Expression {#sec3dot2-nutrients-11-00225}
---------------------------------------------------------------------------------------------------------------------------------------------

The administration of AVFQHNCQE to the SHR did not produce any effect on plasma ACE activity and similar values were found between the group administered water and the group administered peptide ([Figure 4](#nutrients-11-00225-f004){ref-type="fig"}).

Regarding the MDA formation, as well as the lipid peroxidation product, and GSH production in liver, no differences were found in the MDA formation between the untreated and the peptide-treated group ([Figure 5](#nutrients-11-00225-f005){ref-type="fig"}A). However, after 6 hours, AVFQHNCQE administration produced a marked increase in GSH levels when compared to the group that received water ([Figure 5](#nutrients-11-00225-f005){ref-type="fig"}B). Furthermore, hepatic GSH production was 70.27 % higher in the AVFQHNCQE-treated group than in the water-treated group.

Peptide administration did not produce any significant changes in the expression of the eNOS, Arg-1, KLF-2, and Sirt-1 genes ([Figure 6](#nutrients-11-00225-f006){ref-type="fig"}A) but produced a significant decrease in ET-1 and NOX4 expression ([Figure 6](#nutrients-11-00225-f006){ref-type="fig"}B), which shows a reduction of 46.12% and 93.59% for ET-1 and NOX4, respectively, when compared to the group administered water.

3.3. Effects of AVFQHNCQE on Aortic Rings {#sec3dot3-nutrients-11-00225}
-----------------------------------------

To evaluate the effects of AVFQHNCQE on vascular reactivity, the peptide was studied in methoxamine pre-constricted aortic ring preparations. [Figure 7](#nutrients-11-00225-f007){ref-type="fig"} shows that AVFQHNCQE did not induce relaxation in aortic ring preparations from SD rats.

4. Discussion {#sec4-nutrients-11-00225}
=============

Dietary proteins have been demonstrated to be a potential source of bioactive peptides and to exhibit different bioactivities, including anti-hypertensive activity \[[@B32-nutrients-11-00225],[@B33-nutrients-11-00225]\]. It has been reported that some chicken proteins can yield peptides with ACEI and anti-hypertensive properties \[[@B34-nutrients-11-00225],[@B35-nutrients-11-00225],[@B36-nutrients-11-00225]\]. In this regard, a previous study carried out by our group in SHR \[[@B26-nutrients-11-00225]\] demonstrated that the treatment with the chicken foot-derived peptide AVFQHNCQE at a dose of 10 mg/kg bw produced a significant decrease in SBP 6 hours after oral administration. This peptide was identified from the chicken foot hydrolysate Hpp11 obtained after a chicken foot treatment (100 °C, 1.5 h) and subsequent protein hydrolysis (2 h, 50 °C, pH = 7.0) with the proteolytic enzyme Protamex \[[@B26-nutrients-11-00225]\].

Anti-hypertensive peptides mainly target ACE inhibition. However, the pathophysiology of HTN is complex, and there are other potential targets where these bioactive peptides may exert their specific anti-hypertensive actions \[[@B37-nutrients-11-00225]\]. Considering that the mechanisms involved in the anti-hypertensive effect exerted by the chicken foot-derived peptide AVFQHNCQE were unknown, this study aimed to elucidate how this peptide produces an in vivo anti-hypertensive effect. Specifically, this study evaluates the potential participation of endothelial-relaxing factors in the anti-hypertensive effect of AVFQHNCQE. Thus, to evaluate the implication of NO in the anti-hypertensive effect of the peptide, L-NAME, an inhibitor of eNOS \[[@B38-nutrients-11-00225]\], was administered to SHR. NO induces the production of cAMP and consequently increases dilatation in the blood vessels and decreases BP \[[@B39-nutrients-11-00225]\]. The results presented in this study provide clear proof of the participation of NO in the BP-lowering effect of AVFQHNCQE, as shown by the disappearance of its anti-hypertensive effect in L-NAME-treated rats. Kouguchi et al. observed similar results for a chicken collagen hydrolysate, which demonstrates that collagen-derived peptides can exhibit vasoprotective functions via NO production and effectively protect against atherogenesis \[[@B40-nutrients-11-00225]\]. Additionally, the NO-mediated anti-hypertensive effects of other anti-hypertensive peptides, including those derived from casein or whey proteins, which also exhibited antioxidant effects, were previously described \[[@B33-nutrients-11-00225]\]. In this study, despite that no significant reduction was observed in the production of hepatic MDA in the group treated with the peptide, it was demonstrated that AVFQHNCQE exhibited antioxidant effects by increasing the production of hepatic GSH, which is the main endogenous antioxidant system that reduces oxidative stress and free radical damage \[[@B41-nutrients-11-00225]\]. The measurement of the production of this molecule in the liver is a potential indication of an improvement in the oxidative stress, which was already described for SHR \[[@B42-nutrients-11-00225],[@B43-nutrients-11-00225],[@B44-nutrients-11-00225]\] by considering that glutathione deficiency may play a key role in the pathogenesis of many diseases including HTN \[[@B45-nutrients-11-00225]\]. These results are in concordance with other studies that revealed the presence of an antioxidant effect after the administration of bioactive peptides \[[@B46-nutrients-11-00225],[@B47-nutrients-11-00225]\].

In HTN, oxidative stress limits NO bioavailability \[[@B2-nutrients-11-00225]\] and the presence and possible involvement of oxidative stress in HTN in SHR has been reported \[[@B48-nutrients-11-00225],[@B49-nutrients-11-00225]\]. In fact, free radicals in the endothelium can directly scavenge NO and avoid NO-dependent vasodilatation. Thus, considering that the antihypertensive effect of the AVFQHNCQE was NO-mediated, the antioxidant effect produced by this peptide could contribute to the reduction of oxidative stress and consequently to the increase in NO bioavailability. Similarly, Dávalos et al. also reported antioxidant activity for ACEI egg white protein-derived peptides, which suggests that both mechanisms including the inhibition of ACE and the antioxidant effect could contribute to the control of HTN \[[@B24-nutrients-11-00225]\]. Considering that NO was clearly involved in the anti-hypertensive effect of AVFQHNCQE, it was evaluated whether or not the genes involved in the NO production pathway were overexpressed in the animals that received the peptide. However, no significant changes in mRNA expression of eNOS, Arg-1, Sirt-1, and KLF-2 were observed. In addition, ET-1 and NOX4 mRNA expression was evaluated after peptide administration. ET-1 is considered the main vasoconstrictor in the endothelium \[[@B50-nutrients-11-00225]\], and NOX4 is the main producer of free radicals in the vasculature \[[@B21-nutrients-11-00225]\]. In particular, an increase of NOX4 under stressful conditions was previously found to be detrimental \[[@B51-nutrients-11-00225]\]. In this study, the administration of AVFQHNCQE reduced the expression of ET-1. Previous studies have demonstrated that the modulation of endothelial ET-1 release was key in the BP-lowering effect of several other anti-hypertensive peptides, including milk-protein derived peptides \[[@B52-nutrients-11-00225]\]. In addition, Fernández-Musoles et al. reported the capacity of lactoferricin B-derived peptides, which demonstrated ACEI properties inhibit the endothelin-converting enzyme responsible for ET-1 production \[[@B53-nutrients-11-00225]\]. Moreover, AVFQHNCQE was able to reduce the expression of NOX4. A reduction in this enzyme is related to a reduction in ROS production. In fact, it has been demonstrated that a reduction of this enzyme mediates the anti-hypertensive effect of the commonly used anti-hypertensive drug atorvastatin \[[@B54-nutrients-11-00225]\]. Thus, considering these findings, an improved endothelium function contributes to the anti-hypertensive effect of AVFQHNCQE.

Considering these findings, which demonstrate that AVFQHNCQE decreases BP via NO, partly due to a reduction in the expression of NO scavengers known as ET-1 and NOX4, it was expected that this peptide would also be able to induce vasodilation in aortic ring preparations. However, the peptide did not relax the methoxamine-contracted aortic ring preparations. Thus, our in vivo and ex vivo results are not in accordance. Nevertheless, we should not forget that the aorta is a conduit artery, and the resistance arteries determine the arterial BP more than the large vessels \[[@B55-nutrients-11-00225]\]. In addition, it should be highlighted that SD rats are normotensive animals and AVFQHNCQE could present different effects in the arteries of hypertensive animals. Therefore, we believe that the vasodilation produced by NO is involved in the anti-hypertensive effect of the peptide, despite that, in this experiment, we could not demonstrate the relaxing properties of the peptide.

The endothelium also secretes other vasodilator agents than NO such as PGI~2~. Although NO is considered as the more important vasodilator in endothelium, PGI~2~ was the first endothelium-derived relaxing substance described. This prostaglandin is mainly produced by the cyclooxygenase enzyme (COX), which is also released in the endothelium and is considered a central cardioprotective hormone \[[@B56-nutrients-11-00225],[@B57-nutrients-11-00225]\]. To evaluate the implication of the vasodilator PGI~2~ in the BP-lowering effect of the peptide, the anti-hypertensive effect was evaluated in rats treated with Indomethacin, which is a COX inhibitor. Although some peptides produce PGI~2~-mediated anti-hypertensive effects, such as novokinin, which is a potent anti-hypertensive peptide designed based on the structure of ovokinin \[[@B58-nutrients-11-00225]\], in this study, indomethacin treatment did not modify the anti-hypertensive effect of AVFQHNCQE. Therefore, considering this result, the participation of PGI~2~ in the anti-hypertensive effect of AVFQHNCQE could be discarded.

Lastly, considering that AVFQHNCQE has shown in vitro ACEI activity \[[@B26-nutrients-11-00225]\], the in vivo effect of this peptide on ACE activity was also studied. However, the in vitro ACEI activity of the peptide did not correspond to the same bioactivity in vivo. Thus, no changes were observed in the plasma ACE activity of peptide-treated SHR 6 hours after administration when compared to the plasma ACE activity in the water-treated SHR. Although oral administration of ACE inhibitors has been widely used to decrease BP in animal models and humans, it remains unclear which organs target these drugs to achieve their anti-hypertensive effects \[[@B59-nutrients-11-00225]\]. Moreover, in contrast to the multitude of studies that have addressed the effects of peptide application on BP, a relatively small number of studies have quantified ACEI effects of peptides in vivo \[[@B60-nutrients-11-00225]\]. In fact, ACE inhibitory peptides are required to be resistant to the gastrointestinal digestion, to be absorbed in order to reach their target organs intact, and to yield their anti-hypertensive effect \[[@B61-nutrients-11-00225]\]. Therefore, ACE inhibitory peptides are usually small peptides that are easily absorbed in an active form \[[@B33-nutrients-11-00225]\]. On the other hand, the current opinion about large anti-hypertensive peptides, such as AVFQHNCQE, is that these do not pass into the bloodstream in a significant amount and that they produce its physiological effects by interacting with receptors on the intestinal wall \[[@B62-nutrients-11-00225]\]. In this sense, it has been reported that some large peptides produce an NO-mediated anti-hypertensive effect, such as the one reported in this study, by interacting with opioid receptors in the gastrointestinal tract. This implies that their absorption is not required \[[@B63-nutrients-11-00225],[@B64-nutrients-11-00225]\]. Thus, as extensively demonstrated, mechanisms other than ACE inhibition are involved in the peptides anti-hypertensive effect \[[@B14-nutrients-11-00225]\] and the physiological and pharmacological consequences of the lack of effectivity on ACE in vivo do not seem to reduce the therapeutic effect of these anti-hypertensive agents \[[@B65-nutrients-11-00225]\].

5. Conclusions {#sec5-nutrients-11-00225}
==============

In this study with SHR, as represented in [Figure 8](#nutrients-11-00225-f008){ref-type="fig"}, we demonstrated the participation of NO in the anti-hypertensive effect exerted by chicken foot-derived peptide AVFQHNCQE. This peptide could enhance NO availability by reducing oxidative stress. In addition, the reduction in ET-1 and NOX4 mRNA expression after peptide administration also contributed to improved endothelium functionality and, therefore, reduced BP. Nevertheless, since it is unknown if this peptide sequence is susceptible to gastrointestinal digestion, resulting in new peptide fragments that might be responsible for the AVFQHNCQE bioactivity, further studies to investigate the peptide digestibility, absorption, and bioavailability are in progress.

6. Patents {#sec6-nutrients-11-00225}
==========

Patent application "Procedure for obtaining a hydrolysate claw chicken leg with antihypertensive activity, and peptides obtained hydrolysate containing." ES201531372A. 11 December 2017.
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![Graphical representation of the experimental design for Nω-nitro-L-arginine methyl ester hydrochloride (L-NAME) and indomethacin study in spontaneously hypertensive rats (SHR) (**1A**) and graphical representation of the experimental design used to study the effects of peptide administration on the renin-angiotensin-aldosterone system (RAAS), endothelial function, and oxidative stress in SHR (**1B**).](nutrients-11-00225-g001){#nutrients-11-00225-f001}

![Changes in systolic blood pressure (SBP) caused in spontaneously hypertensive rats (SHR) 6 h post-administration of water or AVFQHNCQE and saline or Nω-nitro-L-arginine methyl ester hydrochloride (L-NAME). Data are expressed as the mean ± standard error (SEM) of six animals. Different letters represent statistically significant differences (*p* ≤ 0.05). The value of p was estimated by one-way ANOVA.](nutrients-11-00225-g002){#nutrients-11-00225-f002}

![Changes in systolic blood pressure (SBP) caused in spontaneously hypertensive rats (SHR) 6 h post-administration of water or AVFQHNCQE and saline or Indomethacin. Data are expressed as the mean ± standard error (SEM) of six animals. Different letters represent statistically significant differences (*p* ≤ 0.05). The value of p was estimated by one-way ANOVA.](nutrients-11-00225-g003){#nutrients-11-00225-f003}

![The effect of the peptide AVFQHNCQE on plasma ACE activity 6 hours after administration in spontaneously hypertensive rats. Values are means ± SEM (*n* = 6 per group). The results were analyzed with Student's t test. The differences between the means were considered significant when *p* ≤ 0.05. No significant differences were found.](nutrients-11-00225-g004){#nutrients-11-00225-f004}

![Hepatic malondialdehyde (MDA) production (**A**) and hepatic reduced gluthatione (GSH) concentration (**B**) 6 hours after administration of the peptide AVFQHNCQE in spontaneously hypertensive rats. Results are expressed as the mean ± SEM (*n* = 6 per group). The results were analyzed with the Student's t test, and the differences between the means were considered significant when *p* ≤ 0.05. The asterisk indicates statistically significant differences.](nutrients-11-00225-g005){#nutrients-11-00225-f005}

![The effect of the peptide AVFQHNCQE on the expression of genes involved in the nitric oxide pathway (**A**) and on genes related to vasoconstriction and radical oxygen species production (**B**) in the endothelium 6 hours after administration in spontaneously hypertensive rats. Data are mean ± SEM (*n* = 6 per group). The results were analyzed with Student's t test, and the differences between the means were considered significant when *p* ≤ 0.05. The asterisks indicate statistically significant differences. eNOS: endothelial nitric oxide synthase; Arg-1: L-arginase; Sirt-1: sirtuin-1; KLF-2: Krüpple-like factor 2; ET-1: endothelin 1; NOX4: NADPH oxidase 4.](nutrients-11-00225-g006){#nutrients-11-00225-f006}

![Cumulative concentration--response curves of AVFQHNCQE (10^−8^--10^−4^ M) in methoxamine pre-constricted aortic rings from Sprague-Dawley rats. Tap water was employed as a control. The same volume of water used to carry out the concentration-response curves of the peptide was added. Data are mean values ± SEM (*n* = 6 per group). No significant differences were observed between the control group and the AVFQHNCQE group.](nutrients-11-00225-g007){#nutrients-11-00225-f007}

![Hypertension (HTN) is characterized by the presence of endothelial dysfunction. This pathological state is defined as an imbalance between the vasodilator (mainly nitric oxide, NO) and the vasoconstriction (mainly endothelin-1, ET-1) endothelial factors. The administration of AVFQHNCQE produced an NO-mediated anti-hypertensive effect and it was expected to create an increase in NO bioavailability. NADPH oxidase 4 (NOX4) mRNA expression was found to be decreased in rats administered the peptide, which would lead to a decrease in reactive oxygen species (ROS) production and, thus, to an increase in NO availability. The mRNA expression of ET-1, vasoconstrictor, and inhibitor of NO synthesis, was also found to decrease. Lastly, the peptide increased the production of reduced glutathione (GSH), which is the main endogen antioxidant system that decreases ROS and, thus, reduces NO scavenging. All these findings lead to enhance nitric oxide, and, therefore, reduce the vasoconstriction observed under HTN conditions.](nutrients-11-00225-g008){#nutrients-11-00225-f008}
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###### 

List of primer characteristics.

  ----------------------------------------------------------------------------------------------
  Rat Primers   Sequence (5′......3′)    Size of Amplicon   Efficiency   GenBank Accession No.
  ------------- ------------------------ ------------------ ------------ -----------------------
  eNOS Fw       GGATTCTGGCAAGACCGATTAC   159                2.06\        NM_021838.2
                                                            (100.67%)    

  eNOS Rv       GGTGAGGACTTGTCCAAACACT                                   

  Arg-1 Fw      GGCAGTGGCGTTGACCTTGT     158                2.14\        NM_017134.3
                                                            (105.64%)    

  Arg-1 Rv      AGCAGCGTTGGCCTGGTTCT                                     

  Sirt Fw       TTGGCACCGATCCTCGAA       217                2.02\        NM_001007684.1
                                                            (97.49%)     

  Sirt Rv       ACAGAAACCCCAGCTCCA                                       

  KLF2 Fw       GGACGCACACAGGTGAGAA      186                2.18\        NM_001007684.1
                                                            (107.85%)    

  KLF2 Rv       ACATGTGTCGCTTCATGTGC                                     

  ET-1 Fw       TGATTCTCTTGCCTCTTCTTG    110                3.08\        NM_012548.2
                                                            (136.04%)    

  ET-1 Rv       TATGGAATCTCCTGGCTCTC                                     

  NOX4 Fw       GTGTCTGCATGGTGGTGGTA     150                2.24\        NM_053524.1
                                                            (110.62%)    

  NOX4 Rv       TCAACAAGCCACCCGAAACA                                     

  GADPH Fw      CCATGTTCGTCATGGGTGTG     91                 1.97\        NM_002046.4
                                                            (98.93%)     

  GADPH Rv      GGTGCTAAGCAGTTGGTGGTG                                    
  ----------------------------------------------------------------------------------------------
